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1. INTRODUCTION
When a girder in the I79 Glenfield Bridge near Pittsburgh was
discovered to have cracked at an electroslag welded splice1 , and subsequent
examination of the Brady Street Bridge electroslag weldments revealed
numerous cracks2 , other bridges with electroslag welded tension splices
were considered suspect3 . As a result, the Pennsylvania Department of
Transportation had other electroslag welded bridges that were known to
exist in Pennsylvania examined.
Detailed nondestructive inspections and limited metallographic and
material fracture toughness studies were initiated and carried out on
three bridges in Pennsylvania4 • They included the 1-79 multiple girder
bridges at Meadville in Crawford County which were composed of three simple-
span bridges with seven girders in both the northbound and southbound
structures. The Meadville Bridges were the first bridge members fabri-
cated with e1ec~roslag welds in Pennsylvania. Three of the six spans con-
tained electroslag weldments. Construction had started in 1968, and the
structure was opened to traffic in October 1970
Figure la shows the Meadville steel framing plan for the
southbound structure. Electroslag welds were provided at each flange splice.
Since the spans are all simple span structures, only the bottom flange
splices are of concern. Figure Ib shows the electroslag groove weld
detail used in the Meadville girder groove welds.
The flange thicknesses at the two pairs of groove weld transitions
in Span 2 were 1-1/16 in. to 1-7/16 in. and 1-7/16 in. to 1-3/4 in. In
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Span 3, the flange thicknesses were 1 in. to 1-1/2 in. and 1-1/2 in. to
1-3/4 in. Figure Ie shows the framing plan for north and southbound spans.
The northbound girders were numbered from 1 to 7 in Span 2 and from 8 to 14 in
Span 3. Only Span 2 of the sDuthbound structures contained electroslag welds.
Field and laboratory studies revealed significant evidence of defects
and cracks in the electroslag welds of the Crawford County Bridges at
Meadville4 . Figure 2 shows the flange tip of northbound girder Gl weld W4A
and indicates that slag was left embedded in the flange tip near the
fusion line. This was typical of many of the flange tip indications that
were observed in the electroslag weldments. Figure 3 shows a lack-af-
fusion crack that was found in northbound girder G5 at weld W3B. The most
common type of cracking that was detected at the electroslag groove welds
is shown in· Figs. 4 and 5. These electroslag weld cracks were generally
found near the fusion line. They most often occurred on the thin plate
side at either the top or bottom surface of the flange. Generally, these
cracks followed the grain boundaries and were near the fusion line in the
melt-back region of the flange.
The ultrasonic and radiographic nondestructive examination revealed
that 48 of ,the 84 groove welded joints that existed in the -bridge tension
flanges had detectab'le signs of cracking in and near the boundaries of the
electroslag weldments4. Table 1 provides a summary of tension flange groove
welded joints with defects. Twenty-two of these defective joints were
found to require immediate attention and retrofitting. These joints were
retrofitted as Phase I of the retrofit work4 .
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The work presented in this report was designed to study the causes of
the cracking that developed in the,electroslag welds of the Crawford
County Bridges. The results of this study were needed to determine what
course of action must be taken for the remaining 62 joints that were not
retrofitted during Phase I of the retrofit contract.
Most of the cracking was concentrated along the stress concentration
line where a tapered transition was used to make the groove welded joint
thickness transition. This suggested that fatigue cracking has played a
role in the crack formation.
The objectives of this study were:
1. To carry out detailed metallographic and fractographic studies
of the cracks contained in the sample cores removed from the
Crawford County structures during Phase I of the retrofit work.
2. To carry out basic fatigue crack initiation and crack growth
studies on the specimens removed from the structure.
3. To conduct appropriate fracture toughness tests on material in
and adjacent to the electroslag weldments. Detailed chemical
analysis and other material properties were to be examined in
order to assist in evaluating the causes for cracking.
4. To provide recommendations after completing these studies for
whatever corrective action and retrofitting is deemed nece"ssary
on the remaining 62 electroslag tension flange weldments.
To carry out the objectives of this study, sample cores were
removed from 15 of the 22 electroslag welded joints that were
bolt spliced in Phase I of the retrofit contract.
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Figures 6, 7 and 8 show cores taken from three of the more seriously
cracked joints ~fter metallograph~c preparation and etching of their
exterior surface. These cores show the typical fusion line cracking that
was commonly found in the electroslag welded joints. Figure 9 shows the
core removed from northbound girder GS weld W3B with the lack-af-fusion
crack. As is apparent in this figure, the crack has initially formed at
the tip of the flange (flat edge of core), along the fusion line, and
then has propagated into-the flange. Figures 10 and 11 show a similar
condition in the core removed from the northbound girder G4 weld W2A,
where a repair weld has been made at the location of the crack.
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2. GENERAL SPECIMEN PREPARATION
Fifteen sample cores were removed from the 22 joints that were bolt-
spliced in Phase I of the retrofit contract. These sample cores were 4 in.
in diameter. The cores were usually centered on the cracks that were
observed in order to facilitate testing of the sample. The core samples
were removed at the characteristic types of cracks summarized in Table 2.
The cores are identified from "A" to "0", in decreasing order of severity
of cracking. The girder identity and several core locations can be seen
in Fig. lc. The flange plate thickness on each side of the electroslag weld
is shown in Table 2.
The core surfaces were ini.tially metallographically prepared in
order to observe the macroscopic and microscopic features of the weldment
and the nature of the cracks. The surfaces were ground flat and parallel
Extensive photographic evidence was obtained, as can be seen in Figs. 6
to 11. The cores were then press-fitted into machined holes in A36 steel
plates and then electron-bearn-welded (EBW) into the plates, as shown in
Fig. 12. Electron beam welding (EBW) was chosen because of the small width
of the weld. This procedure increased the size af the specimen by the
additional steel around the cores, to allow for preparation of more samples.
Each plate was then saw cut perpendicular to the welding direction
into six or seven rectangular bars of approximately 0.5 in. (13 mm)
thickness, as shown in Fig. 13. These bars were then identified by
Nos. 1 to 7, along with the core identification letter "A" to "0".
Selected bars were notched in the electroslag weld with an electric
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discharge machine (EDM) to obtain a good stress concentration to start
fatigue cracks .. All notches were oriented parallel to the welding
direction and along the weld center line or near the fusion line, so that
the fatigue crack propagated in the same direction as cracks in the tension
flanges in the bridge. Figure 14 shows a schematic of the-rectangular
bar and the orientation of test samples that were fabricated from these
bars. After the EDM notch was completed, one side of each specimen was
metallographically ground and polished in order to facilitate observation
on the crack. Scribe lines were placed on the polished side to facilitate
crack growth measurements.
After fatigue-crack-propagation data was obtained, the cracked speci-
mens were used to obtain fracture toughness data using a three-point
bending test. Knife edges were adhesively bonded on either 'side of-the
EDM notch in order to hold a clip gauge for the displacement measurements.
After the fracture toughness tests, the specimens were used to carry out
fractographic studies on the crack surfaces.
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3. CHEMISTRY AND TENSILE PROPERTIES
The chemical analysis carried out on the base pla,te and in zone I
and zone II of the weld are summarized in Table 3. The. chemical compositions
that are reported here depict the overall alloy concentrations and do not
give any indication of the manner in which the various elements are
dispersed throughout the microstructure. Zone I and zone I-I weld metal
have virtually identical alloy compositions and the chemistry of the
weld metal is similar to that of the base plate. (See Fig. 40)
Standard 6.35 rom (.25 in.) buttonhead tension specimens were machined
from a selected sample of the cores. The direction tested is shown in
Fig. 14. This orientation is the normal direction of applied stress under
bridge service loading conditions. The specimens provided for a 25.4 mm
(1 in.) gauge length. 22The standards ofASTM Specification E8 were
followed in all testing. Tests were run on a 44.5 KN (10,000 lb.)
capacity Instron Universal tester.
are tabulated in Table 4. All weldments tested met the minimum tensile
-7-
All tensile tests were conducted at room temperature, and the results
which require the deposited electroslag weld metal
the weld,had a jagged appearance, since failures were along the columnar
than the base plate. The failure of these two specimens was a typical
to match the properties specified for the base plate (in this case, the
grains. Failures were noticed to occur in both zone I and zone II region
cup and cone type of fracture. The other specimens, which fractured in
gauge length a~d in the base metal, indicating that the weld was stronger
property standards
base plate was A-36 steel). Two of the specimens failed outside the
of the· weldment, and their tensile properties were similar.
4. CRACK GROWTH STUDIES
Fatigue behavior and the resulting propagation of cracks is of major
concern in the use of electroslag welding in bridges. The fatigue life of
a structural component can be considered,tobe composed of three stages:
(1) Fatigue crack initiation, (2) Fatigue crack propagation, and (3) Fracture.
Welded joints, regardless of the type of weld and fabrication techniques,
have rnicrodiscontinuities. These defects, accompanied by the high stress
concentration at geometric details at weld toes and weld ends, can
restrict the useful life of the structure: if they propagate to a critical
size and result in fracture failure. Linear elastic fracture mechanics
(LEFM) has been found to be as very successful approach to study fatigue
crack initiation and propagation (FCP).
The FCP behavior of steel can be divided into the three regions shown
in Fig. 15. The behavior in Region A is associated with a "Fatigue Crack
Growth Threshold," i,_ e. the cyclic stress intensity factor range, 6KTh ,
below which cracks do not propagate under large numbers of cyclic stress
fluctuations5 • Region B represents the FCP behavior about 6KTh , which
can be represented by an empirical relationship proposed by Paris6 •
N = number of cycles
~ = stress intensity factor fluctuation
where a crack length
da
dN (1)
A and n are material constants
Region C is an accelerated crack growth condition that develops before
fast fracture.
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The fatigue crack propagation studies in this report focused on the
characteristics of: '(I) The crack.growth rate in Region B of FCP
behavior (Fig. 15), and (2) the fatigue-crack-growth threshold in Region A.
4.1 Test Setup and Procedure
Cyclic load tests were carried out on two types of specimens:
naturally-cracked specimens and EDM notched specimens. Due to material
limitations, four-point-bendspecimens were utilized for the testing. The
Four-paint-bend specimen was preferred over three-paint-bend specimens,
because it provided a uniform moment zone, which allowed the crack to
propagate without being influenced by the crack path, the changing bending
stress distribution and the different sections of the sample. A schematic
of the specimen is shown in Fig. 16. The natural-crack specimens usually
had cracks that were at or adjacent to the fusion line and propagated
into the weld. The EDM notches ,were either placed at the weld centerline
or adjacent to the fusion line at about the same position as the natural
cracks.
The basic technique used was to cycle a specimen at a constant
amplitude load fluctuation .. The crack length was measured as a function
of the number of cumulative cycles. All tests were conducted under room
temperature and air concliti.bning.' Test~ngwas carried out in the Amsler High
Frequency Vibrophore. Tests were conducted under tension-to-tension,
sinusoidal loading, at a frequency of approximately 100 Hertz. Previous
studies 7 ,8 on steel have shown that FCP is not affected by the frequency
or form of the cyclic stress-intensity-factor fluctuation when conducted
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at room temperature in air. Fatigue crack extension was measured optically
with a SOX Garret hairline microscope which had a calibrated micrometer.
The complete test setup is shown in Fig. 17. One complete revolution of
the micrometer moves the hairline a distance of a.. 005 in. The micrometer
has 100 dimensions per revolution, allowing an accuracy of measurement
of the crack of 0.00005 in. The accuracy of defining the crack tip loca-
tion by this optical technique is estimated to be 0.0005 in. An automatic
digital counter was utilized on the Amsler V'ibrophore to record the number
of cycles for each crack length measurement.
4.2 Testing Methodology
(a) Crack Propagation Studies
Relatively high stress intensity factor ranges (~K=22 ksi ~.) were
required to initiate a crack from the EDM notch,." The stress intensity
factor range ~K was calculated using the following expression for the
f · b d· d· · 9our-polnt en lug con ltlon .
~K
where a = crack length
~p = load range"
L = moment arm
B = thickness
w = width
(2)
and f(a/'w)= 1.99 - 2.47 (a/w) + 12.97 (a/w)2 - 23.17 (a/w)3 + 24.8 (a/w)4
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Cracking was enhanced by loading the EDM notch tip in compression
(reverse loading). The notch tip experiences a residual tension field
when the load is released. This residual tensile stress enhances crack
initiation when a cyclic load is applied. The load ratio,R, which is
equal to P . Ip ,was"kept at 0.5 and has been shown to have negligibleffi1n max
effect on the rate of crack propagation in Region B 10
After crack initiation, the load was decreased in steps by approxi-
mately 10% until the stress intensity factor range (~K) was about 4 ksi ILO.
The load was then kept constant, and crack length and cycles were measured
~ periodically. Testing was stopped when the crack length - width ratio,
a/w, was about 0.65 to 0.70.
In the case of naturally cracked specimens, the testing and recording
of data were more complicated, especially in the case of specimens which
had more than ~ sing~e growing crack. In,all such cases, only the dominat-
ing crack was measured, as it was assumed to control the crack growth
behavior. The crack length was estimated to be the length of the pro-
jection of the crack onto a section perpendicular to the direction of the
applied bending stress.
(b) Crack Growth" Threshold Studies
Tests were conducted on both EDM notched and natural crack specimens.
In the testing of EDM notched specimens, the same methodology as in the
crack propagation studies was used. The test was started at a high
stress intensity factor range, and the load was reduced in steps of 10% un-
till at some level, the crack showed no further growth. This defined the
-11-
threshold level. Then the load was increased in steps until the crack
exhibited growth once again. In this way, for each specimen, an upper
and lower bound for the threshold value was established. At the
6
"no-growth" load levels, the test was run for 20 x 10 cycles or more to
ensure that a true threshold had been established. The load ratio, R, was
kept at about 0.75, except in the first test where a load ratio of
0.5 was used. Previous studies 11-16 have indicated that the R ratio has
a significant effect on the threshold 6K value. In general, an increase
in R ratio decreases the crack growth threshold value. A high R ratio was
used to simulate the residual stresses from welding and the dead load.
A maximum ra,tio of 0.75 was used based on the limitations of the testing
apparatus. Three EDM notched specimens were tested, two at an R ratio
of 0.75 and one at an R ratio of 0.5.
The main objective of the threshold studies of the natural-crack specimens
was to evaluate and compare the natural, crack behavior with the EDM
notched specimens. The testing was started at low load levels with the
natural cracks. Had the same procedure been adopted that was used for the
EDM notched· specimens, the crack would grow and no longer be a natural
crack. After fatigue crack growth, the threshold behavior should be no
different from that .of the notched samples. The testing was started at
low ~K levels for the natural cracks and the load increased in increments
until the crack showed growth. In this manner, a threshold value was
established for the natural-crack specimens. A total of seven natural
crack specimens were tested. Generally, about 20 to 30 million cycles
were applied at each load increment.
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4.3 Test Results and Discussion
(a) Crack Propagation Studies
The most commonly used means of evaluating FCP data is a log-log plot
of the rate of fatitue crack growth (da/dN) versus the stress intensity
factor range, ~K. In this study, the growth rate was determined by the
two point secant method. This consists of taking the slope of the line
connecting two points on a "a" versus "N" plot and using that as the slope
of the mean point between the two test points. It is expressed as:
a i + 1 - a i .
Ni + 1 - Ni
(3)
where a. = (a. + a. + 1)/2
1. 1. 1
The 6K values were also calculated at these mean values of crack size.
A straight line least squares 'fit to the test data was made using
the Paris Power Law. The equation of the line has the form:
log dadN = log A + n (log ~K) (4)
where A and n are regression constants
A computer program was used to evaluate and plot the data. Barsom's upper
17bound crack growth equation for ferrite pearlite steels is also
shown on each test plot and compared with the data and the mean regrBs-
sian line. The upper bound crack growth equation is given as:
-13-
da
dN
3.6 x 10-10 ~K 3.0 (5)
where a is in inches and ~K in ksi ~.
The least square fit for the individual specimens tested are tabulated
in Table 5. Typical computer plots of the crack growth rate versus 6K
test data are summarized in Figs. 18 to 22 for indivdual specimens. The
remaining plots are presented in Appendix A. Figures 23 and 24 show all
data points for naturally cracked and the EDM notched specimens, respec-
tively. The upper bound crack growth relationship defined in Eq. 5 is
plotted on Figs. 18 to 24 and provides a reference with which to compare
the fatigue crack growth behavior of the electroslag weldments.
The summary p1ot~ shown in Figs. 23 and 24 indicate a wide scatter in
the test data. This is particularly true for the natural crack specimens
shown in Fig. 23. The irregular crack front caused significant inter-
ference with crack growth at the lower levels of crack growth rate.
They indicated a higher level of crack growth threshold. Only after
significant fatigue crack growth occurred did the crack growth rates
start to approach the bound provided by Eq. 5.
The ',EDM notched specimens summarized in Fig. 24 had much less scatter
and were in better agreement with Eq. 5. Most of the test data fell
specimens exhibited higher rates of growth. This upper bound was defined
below the crack growth upper bound defined by Eq~. 5. However, several
by the relationship
da- = 8.4 x 10-10 L1K3
dN .
-14- _
(6)
and is also shown in Figs. 23 and 24. The electroslag welds in the Meadville
Bridge appear to provide the same crack growth characteristics as
ferrite-pearlite steels. The upper bound crack growth relationship
suggested by Barsom CEq. 5) is in good agreement with rnostof the test
data. A higher rate of crack growth is occasionally possible and can exceed
the rate provided by Eq. 5 by 233% (see Eq. 6).
Results from a weld centerline cracked specimen showed that there was
no significant difference between the growth rates in other zones of the
electroslag weldments.
The variations in the microstructure of the weld metal caused marked
differences in the topographic features of the fatigue crack surfaces, as
illustrated in Figs. 25 and 26.. However, these· variations did not influ-
ence the crack growth rates markedly, as can be seen by comparing the test
data in Figs. 20 and 21.
The natural crack specimens showed more scatter in' the test points
than the notched specimens, mainly due to the presence of multiple cracks
which did not always propagate perpendicular to the bending stress field.
The natural crack specimens ~lso showed significantly lower crack growth
rates at low ~K values (less than 10 ksi ~.). At higher ~K values, the
crack growth behavior was similar to that of the notched specimens,
because by then, the crack had grown and was similar to the crack in the
EDM notched specimens.
(b) Crack Growth Threshold Studies
The lower bound threshold data obtained from the EDM notched specimens
and the natural crack specimens is summarized in Fig. 27 and compared with
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d bl - h db- - - 11-16ata pU 18 e y varl0US lnvestlgators All of the natural crack
data and most EDM data falls above ,the ~KTh value predicted by the
equation: 6KTh = 6.4 (1 - 0.85 R).
Of the seven natural crack specimens tested, only four tests gave a
definite value for a lower bound 6KTh . On two of the other three speci-
mens, crack growth was observed at the lowest load applied level, because
the natural crack was larger than estimated. The ~K value determined from
the mean surface crack length was lower than its 6K based on the mean
crack length in the section. However, it was found that the growth rates for
these two specimens were consistant with the other natural crack specimens
at the same ~K levels. The other specimen which did not yield any ~~h
value was loaded in a fashion similar to the EDM notched specimens,
starting with a high load and reducing the load until no growth was observed.
It was found that the crack exhibited growth at lower ~K levels than
determined in the other natural crack specimens. This appeared to result
because the crack had grown enough to be comparable to the cracks in the
EDM notched specimens. After the crack surfaces were exposed, it was
"found that the natural cracks had an irregular profile. All ~~h values
were recalculated based on the estimated mean natural crack length. These
dimensions and threshold values are the ~KTh values given in Fig. 27.
Figures 28 and 29 show the edge views of two of the natural crack
specimens that were tested. The presence of multiple cracks is clearly
visible in both figures. Figures 30 and 31 show the branching that
developed with these cracks. The crack growth threshold was estimated
based on the load level at which none of these cracks which were visible
on the specimen surface showed any growth. Figures 32, 33, and 34 show
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several of the natural crack profiles that were observed in the specimens.
The initial crack length was estimated from the irregular crack profile
on the test section.
The crack growth threshold studies showed that the natural crack speci-
mens had a significantly higher threshold value (lower bound ~~h of 5 ksi /i;.)
compared to the notched specimens (~KTh ~ 2.5- to 3 ksi ~.). The higher
apparent ~K values required for crack growth in the natural crack specimens
do not appear to reflect a higher threshold value in terms of the material
property; they rather indicate the difficulty of modeling the complex
crack condition used to calculate ~K and interpret the test results. All
natural cracks showed an initial pattern of growth which was not perpen-
dicular·to the stress field. The cracks appeared to follow the grain
boundaries of the electroslag welds. The results ind'icate that the edge
crack model can be used to give a conservative prediction of threshold load
levels for cracks already existing in the electroslag welds in the Meadville
Bridges.
-17-
5. FRACTURE TOUGHNESS
Historically, CVN tests have been used in assessing the notch
toughness of welds. However, the CVN specimen is smal~ for use on electro-
slag welds in that the area tested is the same order of magnitude as the
grain size. Efforts have been made during the last two decades to develop
alternatives to the impact test for assessment of brittle fracture risk
which take into account the applied stress level, material thickness,
temperature and defect size. This has resulted in the development of the
fracture mechanics approach and the introduction of Krc test for plane
t · d·· d h· f J · 1 fl· 1 · b h · 19s raln con ltlons, an t e use a -lntegra or e astlc-p astlc e aVlor ·
Unbroken specimens used to obtain FCP data were further utilized in
obtaining fracture toughness estimates. Plane strain fracture toughness
(K
rc
) tests which are described in ASTM E399 and which use the concepts
of linear elastic fracture mechanics -(LEFM) could not be carried out, as
specimens did not meet the size requirement for plane strain
2 . 2
B £.2.5 Krc /o-y.s ) (where B is thickness, Krc plane strain fracture
toughness and.ffi ,yield strength). Alternately, the J-integral approach
- ,.y.s
was used. The J-integral was originally proposed by Rice and can be
defined as a function of the work done in loading per unit of uncracked
20
area This technique was further developed by Landes and Begley2l For
a plate co~taining a deep notch and subjected to pure bending, Rice found
that
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Pda
c
(7)
where P = load/unit thickness
b remaining unbroken ligament
o = load line displacement of sample containing a crack
c
For the case of a three point bend specimen with a span to width
ratio of four and with a deep crack (a/W = 0.,6), the above equation reduces
to J = 2A/Bb, where A is the area under the load-load point displacement
curve up to the maximum load. Bis the specimen thickness.
Both Charpy V-notch tests and three point bend, test specimens were
tested to evaluate the fracture toughness characteristics of the electro-
slag weldments.
5.1 Oharpy V-Notch Tests
Three series of CVN impact 'tests were conducted on the electroslag
weldment. The first series involved the evaluation of the impact ~ro-
perties at -17.8 0 C (0 0 F) and 4.4 0 C (40 0 F) for specimens notched at the
centerline and fusion line, respectively. Standard impact specimens were
taken from 1/4 thickness position. The notches were located by etching
the weld prior to any cutting. Testing was performed according to ASTM
·f· · E 2323speCl 1cat1on •
The second series of CVN tests involved determining. the nature of
the transition temperature range by· performing tests over a range of
service temperatures of the steel, namely between -40 0 C (40 0 F) and --
100 0 C (212 0 F). The third series of tests involved testing the impact
properties of unnotched Charpy specimens which had natural cracks serving
as notches.
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The CVN impact test results are presented. in Table 6. Twelve
centerline specimens from eight weldments were tested at -17.8° C (0° F),
and the average impact energy absorbed was 21.2 J (15.6 ft-lb.). Two high
and two low values were eliminated in the calculation. There is a signi-
ficant variation in CVN energy absorbed values depending on the location
of the specimens. The weld centerline exhibited the lowest impact pro-
perties. The CVN energy absorbed values increased when the specimens were
1 d h Id f "1" 0 h f f" h" 1 22-26ocate at t e we USlon lne. t er re erences con lrm t 18 resu t .
This is to be expected when consideration is given to the orientation of
the grains with respect to the direction of cra~k propagation in the Charpy
specimen. At the centerline, the crack propagates through the fine grain
area (zone I) parallel to the columnar grain~. The fracture surface
showed a fine columnar structure and energy absorbed values as low as
6.8 J (5 ft-lb'~) have resulted. Even when the weld centerline contained
coarse grains of zone II, properties were inferior, and the fracture
appearance was a coarse columnar structure.
Tests conducted near the fusion line resulted in higher energy
absorbed values, since fracture occurred by crack propagation transverse
to the length of the columnar grains resulting in a coarse equiaxed
fracture appearance, as shown. in Fig. 35. The fracture appearance of some
fusion line specimens do exhibit ,a mixed fine and coarse equiaxed grain
structure at -40 0 C, resulting in lower CVN energy values.
Impact tests -were also performed over a service temperature range
of -40° C to 100 0 C (212° F). The results of these tests are plotted as
energy-transition temp~rature curves shown in· Fig. 36. Smooth curves
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were drawn through the average values at each temperature for both fusion
line and centerline specimens. Th~ wide scatter in energy absorbed values
at each temperature depicts the anisotropy of the wel~ment., Such direc-
tional variation is expected, since the columnar grains can have different
orientations from the direction of crack propagation.
The three unnotched specimens which had natural cracks serving as
notches at the fusion line showed high toughness values, because the
natural cracks were not perpendicular to the CVN specimen length.
5.2 Fracture Toughness Tests
In this study an Instron Testing Machine was used to obtain the frac-
ture t"oughness data. The load-displacement curve was recorded on an X-Y
recorder built into the instrument. A three point bend fixture was
utilized with a span to width ratio of four .. The displacement gauge was
seated on the specimen to which knife edges were adhesively bonded on
either side of the crack. The apparatus is shown in Figs. 37a and 37b.
Specimens were tested at temperatures ranging from -40 0 C to 100 0 C
(400 F to 212 0 F). After the load-displacement curve was recorded, the
specimens were cooled in liquid nitrogen and broken open. The uncracked
ligament "b" meas_ured from the end of the fatigue crack extension, and
"Btl, the specimen thickness "was measured. The ar'ea under the curve is
calculated up to the point where the load drops suddenly indicating
unstable crack extension. Figure 38 shows a typical load-displacement
curve and how the area was measured. The J-integral calculated can be
related to the linear el~stic fracture toughness K. by the equation 8.
J
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K.
J
(JE)1/2 (8)
The results are tabulated in Table 7. The average stress intensity
factor KJ , as calculated from the J-integral value was 140 ksi ~. at
-17.8° C (0° F).
Figure 39 summarizes the results of the fracture toughness tests. A
lower bound to the fracture toughness data is provided by the solid line.
The minimum fracture toughness of the Meadville Bridge electroslag we1dments
is about 110 ksi lin. This appears to be a reasonable lower bound for
use in estimating the critical crack size in the Meadville Bridges.
The wide scatter in values of KJ obtained can be attributed to the
orientation and size of the coarse columnar crystals of zone II. The weld
centerline showed the lowest toughness value. This is because the crack
propagates through zone I parallel to the columnar grains
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6. METALLOGRAPHY OF ELECTROSLAG WELDS
The high heat input, the slow solidification and cooling rates
experienced because of the welding method results in an outer coarse
columnar grain structure (zone II) in the weldment. The interior zone
consists of thin elongated columnar crystals (zone I). Paton23 describes
four different types of grain structure arrangements that can be produced
in electroslag weldments, as shown in Fig. 40. All weldments studied
were either of Type I with coarse and fine columnar crystal zones or
Type III with only a coarse columnar zone. The relative amounts of coarse
and fine columnar crystal structures vary from specimen to specimen.
Figures 41 and 42 show the macrostructure in the transverse plane of
Type III and Type I weldments,·respectively. The Zone II crystals star~
to solidify at the fusion line, grow inwards and in the direction of the
welding, as seen in Figs. 6 to 10, which shows a longi,tudinal section of
the weld. The equiaxed central zone is zone I, which is a fine columnar
grain structure oriented parallel to the welding direction.
Between the fusion line and the base metal, two heat-affected zones
(HAZ) occur and are illustrated in Figs. 4~ and 44. HAZ I is a zone of
grain coarsening that occurs because of overheating experienced during
welding. The grain size decreases steadily away from the fusion line,
as HAZ II approaches, which appears light in the macrostructure shown in
Fig. 41 and is a region of grain refinement.
In the microstructure. of zone II shown in Fig. 45, the prior
austenite grain boundaries are seen as a network of ferrite bands. In
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some regions the ferrite is seen as long acicular plates. The size and
distribution of" ferrite and pearlite within the primary crystal boundaries
is known as the secondary structure, and Figs. 45 and 46 show pearlite
(dark) surrounded by ferrite (light) distributed in a Widmanstatten pattern
and by grain boundary ferrite. This Widmanstatten ferrite is characterized
by its acicular appearance and is a nonequilibrium phase. The secondary
structure appearing in·zone I weld metal as illustrated in Fig. 47 is
usually considerably coarser than that of zone II weld metal. This is
because of the formation of larger deposits of ferrite in zone I as a
result of the slower cooling rate that it experiences during the austenite
transformation. Figures 6, 7, 8, 48, 49, and 50 show the cracks and
branching that was observed.
In seven naturally cracked specimens, copper was found. Figure 51
shows a scanning electron micrograph of copper along the crack. An
energy dispersive spectrum (EDS) shown in Fig. 52 confirms the presence
of copper. Copper globules were occ.asionally observed near the surface of
the weld, and cracks were observed to have emanated from everyone of
them, as illustrated in Fig. 53 and verified by an EDS shown in Fig. 54.
Obviously, the solid copper shoes used' to contain the molten slag and weld
pool got heated ',to high en-o.ugh temperatures to cause incipient mel ting of
the shoes and contamination of the weld pool. Consequently, during
solidification of the weld, cracks occurred along the ferrite bands and
were filled wit~ the molten copper, as shown in Fig. 55. The melting of
the copper shoe was probably due to insufficient slag depth during
welding.
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7. FRACTOGRAPHIC STUDIES
The fractured surfaces of the fatigue crack propagation specimens
were exposed after the fracture toughness tests. The specimens were
ultrasonically cleaned in a bath of acetone. Replicas were sequentially
stripped from the crack surfaces to remove as much of the corrosion
products as possible. The fracture surfaces were viewed on a scanning
electron microscope to observe the general morphology of the fracture
and to characterize the nature of the natural cracks.
Transmission electron microscope studies were carried out on replicas
stripped from regions near. the natural crack tips. The replicas were
shadowed with chromium before being' carbon-coated to enhance the contrast.
The main aim of the study was to examine the possibility of fatigue crack
propagation at the crack tips.
Examination of the fract~red surfaces in the scanning electron
miscroscope (SEM) showed that the natural cracks were severly corroded, and
any fine detail of the fracturing processes was obliterated. Figure 56
shows the intergranular crack along the long columnar grains. Corrosion
products mask most of the microscopic dtails. Figure 57 is a SEM fracto-
graph of the end of a" natural crack in Core N. The bottom left region
"of the fractograph shows a cleavage fracture that resulted when the speci-
men was broken open at liquid nitrogen tempera.ture. Fi-gure 58 shows ~.
dendritic structure of a copper deposit detected on the grain boundary of
the columnar grains near the weld surface. The copper was apparently
introduced when the solid copper shoes melted. An energy dispersive spectrum
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of the dendritic region, Fig. 59 confirms the presence of copper.
Fatigue striations in the weld metal obtained during the fatigue crack
propagation test are shown in Figs. 60 and 61 for Cores D and E. The
striation spacing was 4 x 10-6 in./cyc1e. The fatigue crack propagation
surface is unusually uneven, and this may partly be attributed to the
anisotropic nature of the microstructure. TEM examination of the replicas
taken from the natural crack surfaces indicated mainly corrosion products.
There were, however, isolated regions near the crack tip where fatigue
striations were detected. Figures 62 and 63 show fractographs from
Core N. The measured striation spacings in the two specimens were
3.5 x 10-6 in. and 2.76 x 10-6 in.
The striation spacings can be used to estimate the corresponding ~
values at the crack tip using the Hertzberg and VonEuw relationship27
where 6S spacing in/cycle
(9)
~K effective stress intensity range, ksi lin.
e
= (0.5 + 0.4 R) AK
Since the dead-live load ratio in the bridge is about 0.5, ~K = O.7~K.
e
This yielded ~K values between 7 and 8 ksi lin. when equated to the striation
spacing.
If the striation spacing is equated to Eq. 5, a stress intensity
range of about 20 ksi ~. results. Equation 6 would yield 15 ksi lin.
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The large stress intensity ranges suggested by the striation spacing is
caused by the fact th~t only the high stress range cycles create visible
striations. Smaller stress cycles which advance the crack tip and increase
the spacing between the large visible striations do not create detectable
striations.
The crack depth in Core N, where the striations shown in Figs. 62 and
63 were observed, was about 0.25 in. deep. Using an edge crack model
for the irregular surface crack and equating the stress intensity factor
range obtained by Eqs. 5, 6, and 9 would suggest maximum stress ranges
eq.ual to the numerical value to 6K. It is possible that a maximum stress
ran-ge of 7 or 8 ksi would occur, but higher stress ranges are not likely.
This further confirms the overestimate of the striation spacing which
results from random variable loading.
The surface condition of much of the natural cracks was obscured by
a layer of general corrosion products. This corrosion layer could be
removed by mechanical stripping of the surface with cellulose acetate tape,
the final result being that all loose surface oxide was removed. In this
operation, the tape is moistened with acetone and pressed onto the opened
natural crack surface. After the acetone has evaporated, the tape is
pulled from the surface, taking the adhering oxide with it. Successive
repetitions of this process result in cleaning, after which removing
surface features are seen. If corrosion is extensive, however, the
original surface features may no longer be observable.
Figures 64 through 67 show SEM fractographs of such areas. Figures 64
and 65 show crack surfaces covered by heavy corrosion product (without
stripping). The true surface features are completely obscured. Figures
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66 and 67 show two cleaned areas, with most of the corrosion products
removed. The true surface features are still obscured by corrosion pits
and oxidation attack. Such conditions are typical of old fracture
surfaces, especially when they have been exposed to the atmosphere. The
regions at the crack tip, especially if the crack is tight, are most
likely to retain true surface features.
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8. ANALYSIS OF CRACKS IN THE STRUCTURE
The cracks in the girder flanges of the Meadville Bridges mainly
occur near the fusion line at the weld transition in thickness, as was
illustrated in Figs. 2, 3, 4, and 5. These cracks were irregular and
branched along the grain boundaries which can be seen in Figs. 6, 7, and
8. The crack shape indicates that the cracks can be conservatively modeled
as edge cracks. Hence, the stress intensity factor will be estimated as:
K = 1.12 crlITa ~ec ~~
where a = depth of crack
t = flange thickness
(10)
The cracks seen in Figures 2, 3, 4, and 5 indicate that the front and
back free surface corrections used in Eq. 10 are reasonable factors.
Their use is consistent with observations and previous estimates of the
stress intensity factor for this type of crack condition. A greater degree
of accuracy is not needed in estimating the stress intensity factor.
The ~K values calculated from the striation spacing indicated that
the 0.25 in. deep cracks in Core N were subjected to a stress range of
7 to 8 ks!. This seems a reasonable level of maximum stress range.
Measurements on similar bridge structures have demonstrated that the maximum
· · i Id 1 h d · 28stress range 1n serv1ce s se om equa to t e es~gn stress range Since
only the largest striations are visible on the crack surface, the measured
spacing is larger than it should be. It is probable that the actual -_.
stress range is smaller than 7 or 8 ksi.
Table 8 summarizes the crack conditions that were observed in several
of the cores. The correlation of the crack size and ultrasonic Db response
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is not very good. The apparent reason for the wide variation is because
of the irregular nature of the natural cracks and the fact that most
exhibited significant branching.
If Eq. 10 is equated to the lower bound fracture resistance of
110 ksi lin., nearly full thickness fatigue cracks can develop before
crack instability is predicted.
Figure 68 shows the average daily truck traffic observed between 1970
and 1977. This indicates that the truck traffic has stabilized at about
800 vehicles per day. Two extrapolated conditions are also plotted in
Fig. 68. One assumes a static condition with no increases in traffic.
The second condition provides for modest growth of 3% per year. At 800
trucks per day, 292,000 cycles will accumulate each year.
The traffic conditions and the fatigue and fracture characteristics
of the electroslag weld joints indicate that none of the remaining cracks
in the Meadville Bridge's pose a serious threat for the next ten years.
The amount of crack propagation is likely to be negligible, as the
remaining cracks are small (see Table lb). Indeed, it is possible that
little significant growth will occur in the twenty year period to 2000 A.D.
It is not anticipated that repair or reinforcement of the remaining
joints will be required before that time. A precedent procedure would be
for a thorough review of the condition of the bridge to be undertaken in
1990 and 2000. Visual and ultrasonic examination of blast cleaned joints
should provide information on the condition of the cracked joints and permit
development of a strategy for repair should such be necessary. For inter-
mediate periods (i.e. during biyearly inspections) it is advisable to
make a visual observation of the joints listed in Table Ib as is convenient.
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9. SUMMARY AND RECOMMENDATIONS
The examination, tests and analysis of the results of the electroslag
weldments and discontinuities in the 179 bridges at Meadville has provided
the following observations and recommendations.
a. Summary of Observations
1. Most of the cracks in the electroslag groove welds appear to have
resulted from copper melting from the shoes and contaminating the
weld pool. This caused solidification cracking along or near the
fusion line at the time of welding.
2. Some evidence of fatigue crack growth was detected in a few of
the weld core samples. However, most of the crack surfaces were
so severely corroded that the~details of the cracking process
were obliterated. The fact that the cracks were introduced at
the time of fabrication meant that the crack surfaces were
exposed and susceptible to corrosion for a significant length
of time.
3. The fatigue crack growth rate of the electroslag weldments was
found to be reasonably represented by the upper bound growth
rate of ferrite-pearlite steels. Only one or two samples provided
a higher rate of crack propagation. The evidence suggests that
the fatigue crack propagation behavior of the electroslag welds
is directly comparable to structural steels and other weld
processes.
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4. The apparent crack growth threshold of the natural cracks in the
electroslag weld metal is.higher than a notched specimen with a
single fatigue crack front. Crack branching and inclination
increase the apparent threshold,
be accurately modeled.
since the complex crack cannot
5. The minimum fracture toughness of the electroslag welds at
Meadville is about 110 ksi lin. for the minimum anticipated
service temperature.
6. The test results indicate that nearly full flange thickness
cracks would need to develop before brittle fracture could occur.
b. Recommendations
1. The defects and cracks that remain in the electroslag , weld joints
of the Meadville Bridge structures do not pose a threat to the
fatigue and fracture resistance of these joints for the next
twenty years at the current level of· truck traffic. Hence,
there is no need to splice the remaining joints until the end
of this century.
2. It is recommended that a detailed -examination of these j·oints be
carried out' in 1990 and 2000. This should include ultrasonic
examination of the unspliced joints and visual examination of
the blast cleaned groove weld .
3. The usual periodic biyearly bridge inspections should include a
visual check of· the joints tabulated in Table lb.
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Table 1: SUMMARY OF JOINTS IN CRAWFORD COUNTY
BRIDGE AT MEADVILLE WITH DEFECTS
a) J,oints With Large Defects
Southbound Bridges Northbound Bridges
Joint** UT Rating* Joint UT Rating*
G1W4 +6 G3W2 R, + 2
GZWl R, + 6 G3W4 R
G3Wl R, + 6 G5Wl R
G3WZ R, + 2 G5W2 R, + 9
G3W4 R, - 2 G5W3 R,
- 1
G5Wl No defect in 9/24/80 PTL G5W4 R
G5W4 R, 0 G6Wl R
G6Wl R G6W4 R
G6W3 R, 0 G7W3 -4
G6W4 R, + 4 GI1W4 R, + 2
G7W2 R, + 10 G13W3 R, + 16
G7W3 R + 36
b) Joints With Small Defects
GIWl +8 G1W3 +8 GlOWl +12
GIW3 R~ + 12 G1W4 R GlOW3 +8
G2W2 +16 G2W2 R GIIWI +10
G2W3 +8 G3Wl +6 GIIW2 +4
G2W4 +8 G3W3 +10 G13Wl +8
G3W3 +16 G4Wl +10 G13W2 +12
G4Wl R, + 10 G4W3 +14 G13W4, +8'
G4WZ +2 G4W4 R G14W2 +16
G4W4 +4 G6W2 +5 G14W3 +16
G5WZ R, + 8 G8W! +12 G14W4 +12..
G5W3 +6 G8W2 +15
GGW2 +10 G9Wl -+8'
G7Wl +2 G9W2 +6
G7W4 +6 G9W4 +12
*R indicates radiographic defect
a;'(* shop drawing designation
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TABLE 2: LOCATION OF SAMPLE CORES
REMOVED FROM THE MEADVILLE BRIDGE
Flange
Shop Dwgs.· Lab. Thickness
Designation Designation 4 in. Core Location"e at Joint
SB G5W4B A Center on thin FL 5 in. from tip 1 7/16 - 1 3/4
SB G1W3B B Center on existing 8 in. from tip 1 7/16 - 1 3/
crack
SB G6WIA C Center on thin FL 5 in. from tip 1 1/16 - 1 7/
NB G5W3B D Center on thick FL 2 in. from tip 1 7/16 1 3/4
SB G3WIA E Center on thin FL 5 in. from tip 1 1/16 1 7/1
SB G2W1A F Center on weld 6 in. from tip 1 1/16 1 7/1
NB GIIW4A G Center on thin FL 1-3/4 in. from tip 1 - 1 1/2
NB G6W4A H Center on thin FL 1-3/4 in. from tip 1 1/16. 1 7/1
NB G3W2A I Center on thin FL 4 in. from tip 1 7/16 - 1 3/4
NB G13W3B J Center on weld 3 in. from tip 1 1/2 - 1 3/4
NB GSW2A K Center on thick FL 2 in. from tip 1 7/16 1 3/4
NB G6WIA L Center on thin FL 1-3/4 in. from tip 1 1/16 - 1 7/1
SB G3W2B M Center on thin FL 2-1/2 in. from tip 1 7/16 1 3/4
SB G6W3A N Center on thin Fl 3 in. from tip 1 7/16 - 1 3/4
SB G7W2B 0 Center on thin 4* in. from tip 1 7/16 - 1 3/4
plate FL
*Center of core
FL = Fusion Line
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TABLE 3'
CHEMICAL ANALYSIS OF THE WELDMENT AND BASEPLATE
Sample Base Weld Weld Weld A-36
Element Plate Zone II Zone II Zone I Plate
Mn 0.830 1.160 1.100 1.350 1.2 max.
Ni 0.044 0.038 0.024 0.026
Cr 0.010 0.033 0.021 0.010
Cu 0.240 0.170 0.120 0.110
Mo 0.005 0.005 0.005 0.005
V 0.010 0.010 0.010 0.010
Al 0.010 0.010 0.010 0.010
C 0.170 0.660 0.170 0.160 ~12 max.
P 0.009 0.010 0.020 0.009 .04 max.
S 0.035 0.038 0.024 0.022 .05 max.
81 0.280 0.160 0.190 0.190
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TABLE 4
TENSILE PROPERTIES OF THE WELDMENT AT
ROOM TEl1PERATURE
____----!I---__~-_--+--5_5-2-_+___-8-0----_J------
Yield Ultimate Percen- Percen-
Strength Strength tage tage
Elonga- Reduction
Specimen ":MFa ' 'KSI MFA . "KSI eion ' . , 'in "Area. " "
G21 329 47.7 499 72~4 22.5 47_6
H21 380 55.1 576 83.5
*
64.0
141 334 48.4 490 71.0 - 20.0 51.4
142 348 50.5 531 76.9 I 24.0 59.1Is1 347 50:3 501 72.7 24.5 . 52.8t
152 314 45.5' 489 70.9:
I
22.9 62.9
K42' 357 51.7 529 76.8 23~1 51.0
.
K41' 340 - 499 72.3 25.5 54.149.3
051 312 45.2 477 69.2
I
26.7 62.1 I052 348 50~5 I 520 75.4 26.6 64.0
Gl 303 43.9 I 446 64.7 f 25.7 64.S II I
"
I
f
HI I 344 49~9 516
--I
74.8
1
*- 64.0
f
I I
. t t·I
. t ti \ i IA36 248 I 36 400 58 I 20 - Jj I I 1 II j I i Ii min min I to 1 to I min. !I
* Specimens failed outside the gauge length.
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TABLE 5. LEAST SQUARES FIT TO THE
FATIGUE CRACK PROPAGATION RATES OF ELECTROSLAG WELDMENTS
Specimen Nature of Crack location FCP Rate* (in/cycles)
A2 Natural Fusion Line 3.28 x 10-10 ~K2.68
A3 Natural Fusion Line 4.98 x 10-13 ~K5.16
B2 Natural Fusion Line 2.09 x 10-9 ~KO.91
C6 Natural Fusion Line 2.31 x 10-14 ~K5.63
F3 Natural Fusion Line 3.79 x 10-11 L\K2•49
- - -- -. ------- - - -- - - - - -
~ ~ ~ ~ ~ - - ~ ~ ~ -
E3 Notched Fusion Line 7.81 x 10-10 ~K2.44
E5 Notched Fusion Line 6.06 x 10-11 i.\K3•4
J2 Notched Fusion Line 2.71 x 10-8 LiK1 •29
J4 Notched Center Line 2.03 x 10-10 i.\K3 • 06
M2 Notched Fusion Line 4.03 x 10-10 ~K2.89
M3 Notched Fusion Line 2.57 x 10-11 llK3 . 91
M4 Notched Fusion Line 7.48 x 10-11 ~K3.21
N3 Notched Fusion Line 6.19 x 10-13 ~K4.81
03 Notched Fusion Line 1.03 x 10-9 ~K2.04
*AK in Ks i v'ii
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TABLE 6
CHARPY IMPACT TEST·S OF THE \VELDMENT
Types of Temperature Energy
Specimen Position Grains (s' Absorbed
•• t t- • 1 . .. . ~ ... .. . C J (ft.lbs.)
A3 Centerline Zone I
-40 11.5 (' 8.5)
E3 It It 1t 12.2 ( 9.0)
D4
" "
tt 9.5 ( 7.0)
K7 .. Zone II It 27,.1 (20.0)
Average It
" 15.1 (11.1)
03 .Fus~ionli~e Zone II " 30.5 (22.5)
J2 tt
"
u 8.1 ( 6.0)
B3 .t.
'. " .19.0 (14.0)
N4 It " II 29.2 (21.5)
Average " tr " 21.7 -(16.0)
A6 Centerline Zone I
-17.8 19.7 (14.5)
E3 '.
tI H 23.7 (17 .5)
N3 It Zone II " 16.3 (12.0)
D4
I
" Zone I 11 17,,6 (13.0)
17 " 1 " " 27.8 (20" 5)I
f
i
I7 " 1 " " 19.7 (14.5)t
I. IJ6 " J " 11 26.4 (19 .. 5)IJ6 " " 11 6.8 ( 5.0)
I
N6 , " Zone II . " 9.5 <. 7.5)
N6 " It " 54.2 (40.0)
07 " Zone II " 43.4 '(32.0)
07 It " " 18.3 (13.5)
Average " " 23.6 (17.5)
03 Fus~ionline Zone II -17.8 34.6 (25.5)
J2 " " " 31.2 (23.0)
B3 " 11 11 71.9 (53.0)
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TABLE 6 - Continued
----,..............~........_..--...-. ..__ .... -_............
Energy
Types of Temperature Absorbed
Specimen Position
°c J (ft.lbs.ili..ains.-
NA " rt " 42.0 (31.0)
Average It It ,. 42.2 (33.1)
A3 Centerline Zone I 4'.4 35.9 (26.5)
E3 " It " 31.2 (23.0)
02 It Zone II " 35.9 (26.5)
N3 11 It " 54.9 (40.5)
Average 11 II 39.5 (29. )
K5 Fusionline Zone II " 42.1 (31.0)
KG It " " 23.0 (17.0)
A7 " It " 64.4 (47.5)
E5 " If tt 70.5 (52.0)
D5 11 n " 27.1 (20.0)
DS " " H 131.5 (97.0)
D7 " 11 " 88.1 (65.0)
D7 " 11 tI 37.3 (27 . 5)
M5 It " " 122.0 (90.0)
~15 .. " " 98.9 (73.0)
M7 " " 1t 73.9 (?4.5) I
}17 " " " 64.4 (47.5)
H " " " 48.8 (36.0)
H " " " 52.2 (38.5)
H " " " 33.9 (25. 0)
G Fus1\ionline Zone II 4.4 87~5 (64.5)
G "
11
" 55.6 (41.0)
G tI .. " 46.8 (34.5)
G " "
n 82. O' (60.5)
Average " " " 65.8 (48.5)
A6 Centerline Zone I 26~7 57.0 (42.0)
---_.........,--.,-~ ~...~ ..
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TABLE 6 - Continued
--+-_._._-_.- _. I ._-------
I Energy
T ~ Temperature Absorbed
Specimen y'pes. 0 .J (ft.lbs.)Position .' . 'Grairis . °c ,.
.--~,................-
----- .
E4 " " " 43.4 (32~O}
K7 1J 1,. tI 54.0 ("40.0)
03 11 Zone II 1t 81.4 (60.0)
N21 " 11 It 82.7 '(61.0)
N71 " II " 58-:3 (43.0)
J71 " Zone I It 14.~ (11.0)
061 " Zone II It 62.4 (!+6.0)
Average " " 56.8 (41.9)
E5 Fushionline Zone Il It. 81.4 (~60.0)
K5 tt " It 58.3 (43.0)
KG n tI " 88.1 (65. 0)
121 " " " 93.6 ("69. 0)
D61 " " It 82.0 (60.5)
K21 u II " 63.7 (47.0)
1-161 " " " 90.2 ('66.5)
Average " f " " 79.6 (~8.7)
~22 Centerline I Zone II 49 69.8 (51.5)
J72 " 1 Zone I
tt 31.2 (23.0)
352 tt It ft 62~4 (46.0)
I
042 " Zone II·
n 74.6 (55.0)
Average " " 59.5 (43.9)
I31 Fushionline Zone II " 105.8 (78.0)
K31 " 11 It 103.1 (76.0)
D62 " " " 123.4 (91.0)
M62 " " 11 131.5 (~7.0)
Average " tt 100 115.9 (85.0)
N72 Centerline Zone I " 97.6 (72.0)
...........................~ ............~- .....
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TABLE 6 - Continued
--.--'
Types of Temperature Energy
Specimen Position Grains, D Absorbed, . C . . . . , , 'J . (f t ~ 10s • )
-
351 H II " 81.4 (60.0)
062 " Zone II
It 99.7 (73.5)
041 II n tI 10.3. 7 (76.5)
Average
.' -
,~ 95.6 (70.5)
132 Fushioline Zone II tl 104.4 (77.0)
K32 u " 11 99.0 (73.0)
122 H It. u 122.0 (90.0)
..
K22 '.
n 1~
'100.3 '(74.0)
Aver,age It 11 " 106.4 (78.5)
A7 Natural It 4.4. 80.0 (:59.0)
crack
NA n tI u '183.0 ,(135.0)
NS " 11 1t 264.4(195 .. 0)
. , , ~ ... .. . ~ . I • 4 ~ ...
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TABLE 7
*FRACTURE TOUGHNESS OF WELDMENTS
Temper-
liESpecimen ature J = 2A/Bb K =J
°c KN/M (lb/in) , M PaJID Ksivrn
A2 -17.8 90.2 515 137 124.3
B2 " 7.13 407 121. 110.5
B6 11 195.9 1119 201 183.3
C6 " 199.8 1141 203 185.0
D2' " 217.0 1239 212 192.8
D3 " 154.5 882 179 162.7
E5 " 195.8 1118 201 183.2
F3 n 99.1 566 143 130.3
K5 u 226.8 1295 217 197.1
K7 " 13.1 75 52 47.4
M2 " 163.7 935 184 167.5
M3 " 244.1 1394 225 204.5
M4 " 135.7 775 166 152.5
N3 " 80.6 460 129 117.5
03 " 304.0 1736 251 228.2
Average " 159.5 911 156 141.0
J4 " 29.8 170 79 71.4
A3 -40 71.8 410 122 111.0
AS " 251.8 1438 228, 207.7
D4 " 101.4 579 145 131.8
E3 " 50.4 288 102 93.0
16 " 24.0 137 71 64.3 -~-
K6 " 149.6 854 176 160.1
02 " 133.8 764 166 151.4
Average " 111.9 639 144 131.0
-42-
TABLE ]- - continued
Temper-
Specimen ature J = 2A/Bb KJ = /JE
°c KN/M (lb/in) . M,PaJiil Ksi Vin
E4 21.1 343.5 1956 266 (242.3)
J2 21.1 351.5 2007 270. (245.4)
Average 21.1 347.1 1982 268 (243.8)
*All specimens are notched at the fusion line except J~ which
is notched at the centerline.
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TABLE 8. CRACK SIZE IN CORE
Variation in Average NDT*
Core Location Crack Depth, in. Crack Depth, in. UT Db Rating
A SB G5W4 0.14 to 0.36 0.21 0
B SB G7W3 0.24 to 0.45 0.35 +6
C SB G6Wl 0.12 to 0.28 0.20 +5
D NB G5W3 0.10 to 0.70 0.15 -1
E SB G3Wl a to 0.15 0.12 +6
F SB G2Wl 0.18 to 0.35 0.27 +6
N SB G6W3 0.10 to 0.25 0.15 0
*All cracks were apparent on the radiographs. The ultrasonic DB levels
were obtained with 60 and 70° probes. The cores were not necessarily
removed at the location of maximum response.
NOTE: No significant cracks were apparent in the other cores.
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Fig. Ie. Framing Plan for Bridge Structure
Fig. 2. Flange tip at northbound girder Gl W4A showing slag at
fusion line.
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Fig. 3a. Flange tip at northbound girder G5 W3B showing lack of fusion~
Fig. 3b. Lack of fusion extending across northbound girder G5 W3B
about 2 inches.
-52-
Fig. 4. Crack in flange tip of northbound girder Gll W4A. Grack in
electroslag weld near reinforcement.
-53-
Fig. 5. Cracks in southbound girder G6 W4A at transition region.
Irregular cracks follow grain boundaries, note that reinforcement
has been removed from this weld joint.
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Core A
Fig. 6. Sample core removed from the southbQund girder G5 W4B
Core B
Fig. 7. Sample core removed from the southbound girder G7 W3B.
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Core C '
Fig. 8. Sample cote removed from southbound girder G6 WIA (C).
-56-
Core D
Fig. 9. Core removed from northbound girder G5 W3B t showing
propagation of flange tip crack.
-57-
Fig. 10. Core removed from northbound girder G4 W2A showing repair
weld on flange tip crack.
Fig. 11. Side view of core from northbound girder G4 W2A'showing repair
weld.
-58-
Fig. 12. A 4 inch sample core electron beam welded into a A-36
steel plate.
Fig. 13. Core sliced into bars.
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Fig. 17 Amsler Vibrophore and Garret microscope.
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Fig. 19. Fatigue date of specimen C6 with natural cracks
at the fusion line.
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Fig. 20. Fatigue data of specimen J4 EDM notched at the
center line •
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Equation 6
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Figure 24. Fatigue data of all EDM notched specimens.
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Fig. 25. Topographic features of a fatigue crack through
zone II weldment.
Fig. 26. Topographic features of a fatigue crack
through zone I weldment.
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Fig. 28. Edge view of specimen A4 showing natural cracks at fusion line.
Fig. 29. Edge view of specimen F5 showing natural cracks at fusion line~
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Fig. 30. Branching of the cracks in specimen A4.
Fig. 31. Branching of the cracks in specimen F5~
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Fig. 32. Natural crack profile in specimen C5.
-75-
Fig. 33. Natural crack profile in specimen B4.
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Natural
Crack
Fig. 34. Natural crack profile in specimen A4.
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Fig. 35. Typical fractured CVN specimen.
A - Fine columnar structure
B - Coarse equiaxed structure.
C - Coarse columnar structure.
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Figure 3~6 Cllarpy impact energy vs temperature.
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Fig. 37a. Set up to determine the fracture toughness using the
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Fig. 37b. A close up of the 3 point bend specimen with the clip gauge
attached to measure the displacement.
-81-
65
'-' 3
2
1
o 0.2 0.3 0.4
DISPLACEMENT ( MM )
Figure 38. Load displacement curve.
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ZONE 2
FUSION
~. L.INE
TYPE II
/ ZONE I
Fig-. 4.0. Sketch of electroslag j oint types, longitudinal section through
the weld. Type I - coarse (Zone 2) and fine (Zone 1) columnar
crystals. Type II - Zones 1 and 2 plus coarse, equiaxed crystals
(Zone 3). Type III - all Zone 2 crystals. Type IV - all Zone I
crystals (after Ref. 24).
FUSION
. LINE
TYPE rst
-84-
F'USION
LINE
TYPE m
10% Nita! etch.
Fig. 41. A transverse section of Type III weldment showing only coarse
~olumnar grains'.
10% Nital etch.
Fig. 42. A transverse section of Type I weldment showing both.. coarse. and
fine columnar grains.
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Fig. 43. Coarse grained heat affected Zone I.
-86-
Mag. 40X 2% Nital etch.
Fig. 44. Fine grained heat af£ectd Zone II. Mag. 40X 2% Nital etch.
-87-
Mag. 40X
2% Nital etch.
Fig. 45. Coarse columnar grains near the weld center, (Zone II).
-88-
Mag. 40X
2% Nital etch.
Fig. 46. Coarse grains (Zone II) near the fusion line.
-89-
Mag. 40X
2% Nital etbh.
Fig. 47. Fine grains (Zone I) near the center of the weld.
-90-
,Mag. 2X
10% Nita! etch.
Fig. 48. Transverse section of the weldment showing intergranular
cracks near the fusion line.
-91-
:t1ag. 125X
2% Nital etch.
Fig. 49. Crack propagation along the ferrite band.
-92-
Mag. 125X
2% Nital etch.
Fig. 50. Crack branching along the ferrite network.
-93-
Mag. lOOOX
2% Nital etchll
Fig. 51. SEM photograph of a crack filled with copper (Core F).
Fig. 52. EDS of the above ~egion.
-94-
Mag. 120X
2% Nital etch.
Fig. 53. SEM photograph of a crack emanating from a copper globule.
Fig. 54. EDS of the above copper particle.
-95-
Mag. 40X
2% Nital etch.
Fig. 55. Intergranular cracks along the ferrite bands.
Note the copper globule and ·the crack eminating
from it.
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Fig. 56.
Fig. 57. SEM fractograph of the natural crack tip.
-97-
Fig. 58. SEM fractograph showing dendritic copper on the intergranular
crack surface (Core F).
Fig. 59. .An EDS of the dendritic region shown above~
-98-
Fig. 60. SEM fractograph showing fatigue striations in the weldment
created by laboratory test (Core D)~
-99-
Fig. 61. SEM fractograph showing fatigue striations in the weldment
created by laboratory tests (Core E).
-100-
Mag. 34,OOOX
Fig. 62. TEM fractograph of a replica taken from the tip of the
natural crack (Core N).
-101-
Mag. 29,OOOX
Fig. 63. TEM fractograph of a replica showiUg fatigue striations at
the tip of the natural crack (Core N).
-102-
Mag.. lOOOX
Fig. 64. SEM fractograph of surface of Core N showing heavy corrosion
product.
Mag. lOOX
Fig. 65. SEM fractograph of surface of Core N showing heavy corrosion
product.
-103-
Mag. 4000X
Fig. 66. SEM fractograph of crack surface of Core N with oxide removed
by stripping.
Mag. 9000X
Fig. 67. SEM fractograph of crack surface of Core N with oxide removed
by stripping.
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Fig. 68. Average daily truck traffic on 179 at Meadville Bridge'.
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Fig. AI. Fatigue data for spec~men A3 with natural cracks at
fusion line.
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Fig. A2. Fatigue data for specimen B2 with natural cracks at
the fusion line.
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Fig. A3. Fatigue data for specimen F3 with natural cracks at
the fusion line.
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Fig. A4. Fatigue data for specimen E3 EDM notched at fusion
line.
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Fig. A6. Fatigue data for specimen J2 EDM notched at fusion
line.
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Fig. A7_ Fatigue data for specimen M3 EDM notched at fusion
line.
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Fig. AB. Fatigue data for spe~imen M4EDM notched at fusion
line.
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Fig. A9. Fatigue data for specimen 03 EDM notched at fusion
line.
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